Abstract-Tomographic synthetic aperture radar (SAR) inversion, including SAR tomography and differential SAR tomography, is essentially a spectral analysis problem. The resolution in the elevation direction depends on the elevation aperture size, i.e., on the spread of orbit tracks. Since the orbits of modern meterresolution spaceborne SAR systems, such as TerraSAR-X, are tightly controlled, the tomographic elevation resolution is at least an order of magnitude lower than in range and azimuth. Hence, super-resolution (SR) reconstruction algorithms are desired. Considering the sparsity of the signal in elevation, a compressive sensing based super-resolving algorithm, named "Scale-down by L 1 norm Minimization, Model selection, and Estimation Reconstruction" (SL1MMER, pronounced "slimmer"), was proposed by the authors in a previous paper. The ultimate bounds of the technique on localization accuracy and SR power were investigated. In this paper, the essential role of SR for layover separation in urban infrastructure monitoring is indicated by geometric and statistical analysis. It is shown that double scatterers with small elevation distances are more frequent than those with large elevation distances. Furthermore, the SR capability of SL1MMER is demonstrated using TerraSAR-X real data examples. For a high rise building complex, the percentage of detected double scatterers is almost doubled compared to classical linear estimators. Among them, half of the detected double scatterer pairs have elevation distances smaller than the Rayleigh elevation resolution. This confirms the importance of SR for this type of applications.
I. INTRODUCTION
A SINGLE synthetic aperture radar (SAR) image can only provide cartographic information in the two native coordinates "azimuth" (x) and "range" (r). Tomographic SAR Inversion, including SAR tomography (TomoSAR) [1] - [3] and differential SAR tomography (D-TomoSAR) [4] - [6] , aims at retrieving the 3-D position, i.e., including the "elevation" (s) coordinate, as well as motion information of the scattering objects by exploiting stacks of complex-valued SAR images with diversity in space and time.
In urban environment, the most important task is to resolve layover, i.e., to detect multiple discrete scatterers inside a pixel The authors are with the Remote Sensing Technology Institute (IMF), German Aerospace Center (DLR), Oberpfaffenhofen, 82234 Wessling, Germany and also with the Lehrstuhl für Methodik der Fernerkundung, Technische Universität München (TUM), 80333 München, Germany (e-mail: xiao.zhu@dlr.de; richard.bamler@dlr.de).
Digital Object Identifier 10.1109/TGRS.2011.2177843 [7] . Here, the term "pixel" means an azimuth-range pixel, and the term "multiple scatterers" means the presence of several scattering objects in the same pixel, e.g., from the building facade and the ground, but at different elevation positions. For this purpose, TomoSAR has been applied to C-band European Remote Sensing (ERS) satellite data of extended scenes over the Bay of Naples in [8] , to TerraSAR-X data over downtown Las Vegas in [9] and to L-band airborne SAR data acquired by the DLR's Experimental SAR (E-SAR) system over the city of Dresden in Germany in [10] , [11] . In [12] , single and double scatterer cases were separated at the same test site as in [8] .
Another attempt to separate layover scatterers can be found in [13] which extended the concept of permanent scatterers to two scatterers inside a pixel.
Resolving discrete scatterers with possible motion is also referred to as D-TomoSAR or 4-D SAR focusing. The goal is not only to separate targets interfering in the same azimuthrange pixel, but also to estimate their possible relative motion. It exploits the strength of both TomoSAR (3-D SAR imaging) and PSI (long-term motion monitoring). This concept was proposed in [4] , applied to ERS real data in [5] , and applied to TerraSAR-X data in [14] . The extraction of time series of displacement for single and double interfering scatterers based on the so-called velocity spectrum was presented in [5] . The generalized "time warp" method is proposed in [15] to estimate multicomponent nonlinear motion.
Tomographic SAR inversion is essentially a spectral estimation problem. The Rayleigh elevation resolution is given by [14] 
where λ is the wavelength and Δb is the elevation aperture size, i.e., the spread of orbit tracks perpendicular to the lineof-sight direction. Due to the tight orbital tube of modern SAR satellites required by differential interferometric SAR (D-InSAR) applications, the elevation aperture is small and, as a consequence, the Rayleigh resolution in elevation is typically about 50 times worse than in azimuth or range. For example, for TerraSAR-X high-resolution spotlight images, the range and azimuth resolutions are 0.6 m and 1.1 m, respectively, while ρ s 30 ∼ 50 m. Linear reconstruction methods are only able to resolve two scatterers with an elevation distance δs ρ s . Parametric methods or nonparametric methods that favor sparse solutions [16] , [17] promise to give super-resolution (SR). In [18] , the authors proposed a super-resolving algorithm based on L 1 − L 2 norm minimization, named "Scale-down by L 1 norm Minimization, Model selection, and Estimation Reconstruction" (SL1MMER, 0196-2892/$26.00 © 2011 IEEE pronounced "slimmer"). In [19] , we investigated the SR power and estimation accuracy of this algorithm for separating two closely spaced scatterers with δs < ρ s . The SR problem was treated as a detection problem. The elevation resolution ρ 50% was defined as the minimum distance between two scatterers that are separable at a probability of detection of 50%. The SR factor κ 50% was therefore defined by
In [19] it was pointed out that • The SR factor of SL1MMER depends asymptotically on the product of the number of acquisitions N and signal-tonoise ratio (SN R).
• Irregular aperture sampling does not have a large impact on SR.
• The detection rate varies dramatically with the phase difference between the two scatterers Δϕ.
• Within the interesting parameter range of TomoSAR, i.e., SN R = 0 ∼ 10 dB, N = 10 ∼ 100, the SR factor of the algorithm (averaged over all possible phase difference of the two scatterers) is in the order 1.5 ∼ 25. In [19] , the SR capability of the proposed SL1MMER algorithm was illustrated by examples using simulated data. Further practical super-resolving examples by reconstructing several selected pixels were provided in [18] . So far, no substantial real data example has been presented. In this paper, the relevance of SR for urban infrastructure monitoring is pointed out. Furthermore, a practical demonstration of the SR of SL1MMER for SAR tomographic reconstruction is presented using a stack of TerraSAR-X high-resolution spotlight data.
II. ROLE OF SUPER-RESOLUTION FOR URBAN INFRASTRUCTURE MONITORING
The layover phenomenon in a SAR image of an urban area is mainly caused by the following two scenarios:
• Buildings with different heights in layover with the ground: As sketched in Fig. 1(a) , the layovers caused by the taller building and the lower building both contain areas with smaller elevation distances. However, only the layover areas of the taller building exhibits larger elevation distances.
• Taller building in layover with the ground and the roof of the lower building: As sketched in Fig. 1(b) , the layover of the taller building and lower building also leads to smaller elevation distances. Both scenarios suggest that double scatterer pairs with smaller elevation distances will be more frequent than those with larger distances.
By assuming the layover phenomena are mainly caused by the simple scenario of Fig. 1(a) , the probability density function p(δs) of the elevation distance between two scatterers δs is given by
where p(h) is probability density function of the building height, while p(δs|h) gives the conditional distribution for δs given h. Let us assume homogenous scattering properties of the ground and the facade. Then, for a given h, it is natural to assume that δs follows a uniform distribution where θ is the incidence angle (see Fig. 1 ). Inserting (4) into (3), it yields
Two examples for height distributions are as follows.
• Uniformly distributed building height: If the heights of the buildings also follow a uniform distribution within the range between zero and maximum building height h max , i.e.,
the elevation distance between the double scatterer pairs should follow approximately a logarithmic law
p(δs) with h max = 100 m and θ = 30 degree is drawn in Fig. 2 (blue curve).
• Discrete building height distribution: In practice, restricted by the city planning policy, the building heights often only occupy several discrete numbers. Let us assume the buildings only have three heights with p(h = 20 m) = 0.4, p(h = 50 m) = 0.5, p(h = 100 m) = 0.1, the corresponding p(δs) obtained according to (5) with θ = 30 degree is displayed in Fig. 2 (red curve). From these purely geometric and simple statistical considerations, it is obvious that the majority of layover areas contain double scatterers with small elevation distances. Taking into account the poor elevation resolution caused by the tight orbit control of modern SAR sensors, SR is a very crucial requirement for very high resolution tomographic SAR inversion for urban infrastructure monitoring.
III. PRACTICAL DEMONSTRATION OF THE SUPER-RESOLUTION OF SL1MMER
In this section, we demonstrate that SR is possible with the proposed SL1MMER algorithm by providing real data examples.
A. Test Site
We work with TerraSAR-X high resolution spotlight data with a slant-range resolution of 0.6 m and an azimuth resolution of 1.1 m. The stack used in this paper consists of 30 images covering a time period of more than 1 year, from February 2008 to June 2009, over downtown Las Vegas. This stack has an elevation aperture size of about 269.5 m, i.e., the inherent elevation resolution is ρ s = 40.5 m, i.e., approximately 20 m resolution in height with the elevation-to-height factor sin θ, where the incidence angle θ is 31.8
• here. The Las Vegas Bellagio hotel is chosen as a test building to demonstrate the SR power of SL1MMER since its surrounding infrastructure exhibits strong scatterers that compete with the reflections from the building facade. It is expected that the SR capability of the algorithm will be observed when reconstructing the layover area where the lower part of the building and the ground infrastructures are mapped together. Fig. 3(a) shows the optical view of the Bellagio hotel in Las Vegas with a height close to 125 m, corresponding to an elevation extent of 237 m. Fig. 3(b) is the corresponding TerraSAR-X mean intensity image. Compared to the optical image, noteworthy features of the SAR image are: 1) The folding of the building toward the sensor due to the layover phenomenon (the optic image and the TerraSAR image are cropped such that the base of the Bellagio hotel is almost horizontally aligned) and 2) Due to the weaker backscattering, ground infrastructure visible in the optical image is completely "hidden" by the strong returns from the building facade in the SAR image.
The goal is to separate the interfering layers associated with the ground infrastructure and the facade of the building and to reconstruct the 3-D shape and motion of the building. 
B. Experimental Results
The preprocessing including atmosphere phase screen correction is performed by the German Aerospace Center (DLR) PSI-GENESIS system on a persistent scatterer network of high-SNR pixels containing only single scatterers [20] . Within the acquisition period of this stack, no long-term motion has been observed in the test area, i.e., motion-induced phase is only caused by periodic thermal dilation. The D-TomoSAR system model with a time warp operation assuming a sinusoidal seasonal motion is used [15] . The SL1MMER algorithm with Bayesian information criterion [21] as the model selection scheme is applied to each pixel of the test area. The number of scatterers map, elevation, and amplitude of seasonal motion for each of the detected single and double scatterers are then obtained. Fig. 4 (a) presents the topography estimates, i.e., the estimated elevations, of the detected single scatterers. The fused topography estimates both with the detected single scatterers and the top layer of the detected double scatterers (blue points in Fig. 1 ) are shown in Fig. 4(b) . The information increment contributed by layover separation is significant, and the high density of detected double scatterers completes the structures of individual high rise buildings.
The same plots as shown in Fig. 4 but with the estimated amplitude of the seasonal motion are exhibited in Fig. 5 . The motion patterns are quite complex. This is due to the fact that thermal dilation of buildings depends on many effects, like environmental air temperature, current sun illumination, internal cooling or heating, and the location of the major construction elements with respect to the facade. In this case, the southern, sun illuminated, part (left) of the facades show stronger seasonal deformation, while the northern parts have even a negative amplitude, i.e., a phase reversal. The higher the building, the more pronounced the thermal effects are. Note that buildings with no internal heating or cooling and simpler construction exhibit a much more consistent relationship between seasonal dilation and height. See e.g., [22] where the Berlin Railway station is investigated. Since the goal is to demonstrate the SR of SL1MMER and the shape of the building can provide plausibility for the elevation estimates, the following discussion about the detected double scatterers will be focused on the elevation (rather than the motion) estimates. 6 presents the elevation estimates of the two layers of the detected double scatterers, i.e., a top layer mostly caused by reflections from the facade of the high rise building and a ground layer caused by reflections from lower buildings and ground infrastructures (yellow points in Fig. 1 ). The gradation of elevation estimates on the top layer [see Fig. 6(a) ] and the homogeneity on the ground layer [see Fig. 6(b) ] suggest the correctness of the elevation estimation and the layover separation capability. It is interesting to observe that the full structure of the high rise building is almost captured even only with the detected double scatterers. In addition, hidden ground infrastructures are now "visible." In Fig. 7 , the reconstructed elevation of the ground infrastructure [ Fig. 7(b) ] is interpreted with the assistance of the optical image [ Fig. 7(a) ].
• There are two blocks on the ground layer (left top and right bottom, respectively) that show brighter blue. This indicates higher topography at that area, and this is consistent with the 3-D building model provided by Google earth.
• Although most of the hidden ground infrastructure is retrieved, there are still some areas (e.g., the ones marked by circles) showing homogenous black color, i.e., no layovered coherent object on the ground layer. By comparison with the optical image, it can be easily found that the areas marked by red circles are shadowing areas that can also be seen in SAR image while the areas marked by green circles are vegetation areas, i.e., no coherent return. This fact confirms our estimates.
• Some pixels at the area near the top of the building have very large elevation estimates showing some regular structures even for the lower layer. It seems that both of the detected scatterers are located on the building facade or the building roof. This might be caused by the complicated structure on the top of the Bellagio hotel. However, to verify it, a more precise 3-D model of the building is required. 
C. Comparison With Linear Detector: Maxima Detection
In this section, the results obtained by using the SL1MMER algorithm will be compared to the result of maxima detection (MD) [19] , i.e., SVD-Wiener (linear MAP) reconstruction followed by peak detection and model order selection and final refinement of the amplitude and phase estimates. For a fair comparison, the later two steps are identical to these in SL1MMER. Fig. 8 presents the number of scatterers map obtained by MD [ Fig. 8(a) ] and SL1MMER [ Fig. 8(b) ] over the test area where blue indicates zero scatterers inside the azimuth-range pixel, green stands for one, and red for two. Linear MAP estimators can only detect two scatterers with an elevation distance larger than approximately the Rayleigh elevation resolution ρ s (i.e., 40.5 m in elevation, ca. 23.7 m in height). Therefore, it is not surprising that the double scatterers detected by MD are mainly located on the upper part of the building facade. The result of SL1MMER shows a much higher density of detected double scatterers. In the following discussion, the percentage of detected double scatterers is defined with respect to the sum of all detected scatterers, i.e., single plus double (note a pixel including double scatterers is counted twice). For the whole area, 13.1% and 29.9% of the scatterers detected by MD and SL1MMER, respectively, are found as double scatterers. In particular, for an individual building, e.g., the Y-shaped building on the right, SL1MMER increases the percentage of the detected double scatterers from 20.4% (as obtained by MD) to 37.8%. The dramatically improved layover separation capability is mainly associated with the SR power of SL1MMER and is consistent with the theoretical findings of [19] . For example, in Fig. 9 , the top layer (building facade) of the double scatterers detected by MD and SL1MMER is illustrated. In addition to the aforementioned information increment within the layover area in general, the marked areas are worthy of special attention. The magenta boxes mark the areas where the lower parts of the hotel facade and the ground structures are mapped together, while the yellow box marks an area where the lower ground structures (of different height) are in layover. Those are the typical areas where SR is required for layover separation since the elevation distances between the two scatterers are small. In all marked areas, SL1MMER detects a large amount of double scatterers, while nonparametric MD cannot separate them well which can also be observed in Fig. 8 . More obvious evidences can be found in Fig. 10 . Two example slices at the positions marked by green arrows in Fig. 3 are chosen as analysis slices. The reflectivity profile in range-elevation plane of the detected double scatterers are extracted using MD (left) and SL1MMER (right). Here, the darker color indicates stronger reflection. Different elevation resolution limits of MD and SL1MMER can be even visually distinguished.
D. Final Evidence
In order to further quantify the SR capability of SL1MMER, the histogram of the elevation distances between each of the detected double scatterer pairs is provided in Fig. 11 . As mentioned already, for a fair comparison, we applied the same algorithmic sequence of SL1MMER to the linear reconstruction, i.e., a model selection and a parametric linear leastsquare estimation of the scatterers' amplitude and phase have been applied after the SVD-Wiener reconstruction. The blue curve represents the result of SL1MMER, while the red curve shows the results of MD. The horizontal axis, i.e., the elevation distance between the detected double scatterers, is normalized to ρ s . The black line indicates the Rayleigh resolution limit. The case of two scatterers within one Rayleigh resolution cell, i.e., α = δs/ρ s < 1, is relevant for SR. In this plot, only on the left-hand side of the black line, the two scatterers are said to be super-resolved. Fig. 11 demonstrates the following.
• The L 2 norm regularization employed in MD gives also SR though nonsignificant [14] . • SL1MMER has impressive SR capability, i.e., many of double scatterers with α < 1 are detected. In the test area shown in Fig. 3 , the SL1MMER algorithm which can provide SR detects 29.9% double scatterers pairs, while 47.1% of them are within the Rayleigh resolution unit. This fact again confirms also the essential role of SR for urban infrastructure mapping.
• The layover separation capability of SL1MMER is much higher compared to MD, i.e., many more double scatterers are detected by SL1MMER than by MD. This superior layover separation capability of SL1MMER is mainly related to SR (green zone). For α ≥ 1, SL1MMER also provides remarkably better layover separation performance (pink zone). This better performance is mainly caused by the fact that SL1MMER does not suffer from the interference of the two scatterers (i.e., sidelobes) and has been shown to be more robust against unmodeled phase terms [18] .
IV. CONCLUSION
In this paper, elevation SR is demonstrated to be a crucial requirement for tomographic SAR inversion for urban infrastructure monitoring. Double scatterer pairs with smaller elevation distances are more frequent than those with larger distances.
Experiments using TerraSAR-X data demonstrate that SL1MMER increases significantly the proportion of the detected double scatterers from 20.4% to 37.8%. This almost 100% increase of layover separation capability is proven to be mainly associated with the SR power of SL1MMER. The practical demonstration of SR of SL1MMER presented in this paper completes the methodological investigations in [14] , [15] , [18] , and [19] concerning new tomographic SAR inversion algorithms tailored to very high resolution SAR data.
